IN rodents and some other animals, linear and ponderal growth progresses through an early exponential phase followed by a slow asymptotic phase. The onset of asymptotic growth appears to be triggered by some influence of increasing body size. The inflexion from exponential to asymptotic growth takes place when mice [ 15] and rats [8, 9] attain a critical body mass. Thus young rodents whose early growth is exceptionally rapid enter the asymptotic phase of growth earlier than those rats [8, 19] and mice [15] whose early growth was retarded. Kennedy proposed that a change in metabolism or heat-transfer properties of the body at some critical body size may trigger changes in growth rate [8] and initiate some adult homeostatic functions such as puberty [10, 19] and weight regulation (8, 9, 20] .
Throughout the asymptotic phase of growth the rates of ponderal and linear growth appear to be inversely related to body size. This progressive decline in rodent growth rates as a function of increasing body size is not entirely due to a loss of tissue capacity for rapid ponderal and linear growth. The epiphyseal growth centers remain open in sexually mature rats [4] , and the growth of rat skeleton proceeds throughout the second year of life [5] . Latent capacity for rapid skeletal and ponderal growth can be demonstrated in adult female rats by producing a partial deafferentation of the medial basal hypothalamus. When some of the connections of the medial basal hypothalamus of the female rat are transected by placing semicircular cuts anterior to this area {12, 13, 171 or parasagittal cuts lateral to this area [6] , there is a reinstatement of rapid linear and ponderal growth, an excessive accumulation of body fat [6, 13, 171 . and increase in the levels of circulating growth hormone [1 2] . Growth-inducing knife cuts are not effective in young rats which are still growing at exponential rates [51. The asymptotic growth rate of adult rodents would, therefore. appear to result, in part, from some sustained inhibitory influence over the mechanisms of growth acting on the medial basal hypothalamic area from the anterolateHI direction.
A recent discovery of a simple noninvasive technique t~r reverting the asymptotic growth rates in adult rodents to exponential ones has provided the opportunity for further study of the nature of the restraints exerted over linear and ponderal growth. If adult, slowly-growing hamsters are given the opportunity to exercise on horizontal acHvily discs they engage in high levels of voluntary activity and reenter the exponential phase of linear and ponderal growth throughout their exposure to such exercise 121. Several days after the cessation of exercise the retired hamsters resume their slow asymptotic growth and engage in the normal defense of their increased body size I31.
In the present study we have determined the ages and body sizes at which hamsters first start exercising on discs and at which disc activity first accelerates growth. We hav~, found an inverse relationship between the levels of w)luntary disc activity and body size and have defined a linitc range of activity levels which are compatible with accclcration of linear and ponderal growth in hamsters. IN) . Three hundred fifty-six hamsters were studied. Of those, 86 were born in the laboratory and 270 were obtained at ages above 6 weeks. Hamsters older than 5 weeks were individually housed in standard suspended wire-bottom cages at all times except when assigned to exercise. During the exposure to disc exercise hamsters were individually housed in Plexiglas boxes containing a freely-turning horizontal Plexiglas disc, 23-25 cm in dia. [2] . Litters of hamsters were culled to 6 pups within the first week following birth and were housed in suspended cages twice the normal width with sawdust on solid floors. Purina laboratory chow and water were available at all times. Laboratory-reared and some of the adult hamsters also had unlimited supplies of sunflower seeds. Adult hamsters with access to sunflower seeds were used in studies, to be reported elsewhere, on the effects of exercise on dietary selection. The availability of sunflower seeds exerts no discernible effect over the exercise-induced growth [2] . Throughout the study animals were kept at 20 22°C and in 12 hr of light beginning at 9 a.m.
Experimental Design and Measurements
Hamsters were assigned to sedentary and exercising groups on the basis of equivalent body weights at the start of the experiment as well as by equivalence of birthweights in the case of laboratory-reared hamsters. Hamsters were weighed daily to determine the relative effects of exercise and sedentary existence on ponderal growth rates. The effects of exercise on linear growth was evaluated by taking the body length measurements of the laboratory-reared hamsters on the last day of the experiment. Length was measured between the tip of the nose and the tip of the tail in anesthetized hamsters which were extended with their ventral surface down over a cm scale. The percentage of body fat was estimated from the total body water content of hamsters which bears a constant relationship of 72.3% to the lean body mass in hamsters [ 11 ] and a variety of other animals [16] . It is assumed that this relationship does not change during and following exercise-induced weight displacements. Manipulations which affect body fat stores do no alter the water content of lean body mass in rats [1] . Body water determinations were made by drying the hamster carcasses to constant weight at temperatures between 30 ° and 50°C.
The onset of voluntary disc activity and changes in activity levels as a function of age were studied in two groups of laboratory-reared hamsters. Thirty-five hamsters were given access to discs at age 14~19 days for a 32-day period, while 30 sedentary animals served as controls. Twenty exercising hamsters and 19 sedentary hamsters were females, the remainder were males. Continuous access of young hamsters, but not of their lactating mothers, to disc exercisers were made possible through the design of communal boxes they were housed in. Communal boxes, 31 cm wide, 40 cm high, and 76 cm long were subdivided into a 23 cm long family compartment housing food, water, and lactating females and a 53 cm long playground area containing three stationary or freely-moving disc exercisers, 15 cm in dia. A Plexiglas partition hearing three openings ,,; its base, 1.6 cm in dia. and 2 cm high, allowed a litter ,~! si,. young hamsters free access to both compartman~-~,t,~ prevented the lactating female fron~ ,eaching the dis, s .\1: moveable discs were equipped witia microswitches io~ ih~ electric counting of disc revolutions every 24 hr (RPDt Lactating female and the partition were removed on I)<~ 2, ~, at which time the litters were reconstiluted ~,.~ bc !~m,~. geneous by sex. From age 35 days on exercisi~lg hamsterwere housed in individual boxes with 23 25 cm disc~ F.leven laboratory-reared hamsters were given :~,,cs~ ~,, individual disc exercisers at the age nf 42 days for :~ period of 34 days. Ten hamsters of comparable starting ~eighl remained sedentary in suspended cages. "lhere wet:' t,~t~; females in each group. Two-hundred and seventy adLdt hamsters were assigned in equivalen~ numbers to cxerci>c or sedentary condition and were studied at differen! times over a 24-month period. All but .:i c~ the adult hdmster~ were female and weighed between ~'.0 and l go g a! the sT:~rl of the experiments.
Mean activity levels of the laboratory-reared zmimal, were determined as a function of their age between Days 14 and 50. In animals older than 5 weeks average daily atctivit~ levels throughout the exposure to exercise were calculated for individual hamsters. The relationship between activit.v levels and age or body weight was ~'xplored by c~llculatint: least-squares linear regressions for activity levels :~., function of age or of starting body ueight, respectivel5
Ponderal growth rates of adult hamsters as a fun~lam t~l exercise or sedentary existence were obtained fn,m the slopes ol the least-squares lineaT regressions of v, eighl increments over a 3 5 week period of time. The relationship of growth rates and inc:eases in body ~eight were then examined by plotting the growth rates ol exercising and of sedentary hamsters as a function ot the body weight registered on the first day of exercise Ponderal growth velocities were c~jiculated frorn ~eight changes in exercising and sedentary hamsters registered during 16 successive weekly intervals in 86 laboratory-born animals. Growth rates of exercising and sedentary hamster~ were also compared by plotting lbe growth r~te~ of exercising hamsters as a function of growth rates displayed by their weight-matched sedentary c~,ntrols.
Standard errors of the recall and of the estimate ~cr~' used to express the variance in the averaged data and in the linear regressions, respectively. Student's t test and Pearson product coefficient of correlation were ~sed for statistical evaluation of averages and linear regressions, respectitth ..\ regression analysis, general linear te,~t !t4] was perfu~mt'd to compare the two functions relating the ponderal growth rates of exercising and sedentary hamsters as a funclion ,~f increasing starting body weight.
RESUf,'I ~,

Changes in the /tctivi O, Le),els as a f"t¢nctzoz~ of Age
Young hamsters were observed to activate discs as socm as their eyes opened around the fifteenth day of life. By Day 19 some litters slept m the playground area m preference to the home compartment. Activity levels remained below 1,000 ttPD until the age of 20 days. Between Days 20 and 35 the levels of" voluntary disc activity increased by about 1,700 RPD ( HG. 1. Mean activity levels generated by 35 hamsters at ages 17 to 49 days on small-diameter discs in communal boxes (triangles) and on large-diameter discs in individual boxes (circles). X 36876 (SE EST = 2728.7, r = 0.96t. Around the fifth week of age the levels of voluntary activity plateau between 15,000 and 20,000 RPD in the communal boxes and between 25,000 and 35,000 RPD in the individual boxes. This difference could have resulted from the variable effectiveness of discs of different sizes, from the rate limiting effects of three discs with respect to a litter of six hamsters, or from antagonistic social behaviors observed in communal boxes from Day 19 on. There was no sex difference in the activity levels.
(Tmnges it~ the Activity Lel,els as a Function of Body Weigh t
The relationship between the mean activity levels of 137 adult and 24 laboratory-born hamsters and their starting body weights is presented in Fig. 2 . At body weights between 50 and 70g there is a rise in activity levels. Activity levels decline at body weights above 70g at the rate of about 2070 RPD for each 10g increment in body weight. This inverse relationship between hamster body weights above 65 70g and the mean activity levels is described by the linear regression y= 207.1 x + 5262(I (SI EST = 3450.1, r = 0.78).
Delayed Acceleration oj Growth hv l;xercise Durin~ the Lkponential Phase of Growth.
Weight changes of hamsters between birth and 9(1 da~s of life are presented in Fig. 3 . During the first 5 week, of life hamsters gain weight at rates of about 2 g/day, lhis exponential growth phase is modified by an inflexion poinl at age 30-40 days and body weight of 60 70g at which time the growth rate changes to about 1 g/das. An additional decline in growth rate to about 0.3 g/day takes place at age 70 days and body weight of about 100g. Exposure to exercisers at age 15 to 49 days had no influence over ponderal growth as long as hamsters grew at exponential rates. Between Days 35 and 70. which included the last 14 days of exercise and the first 21 days ~4 retirement, exercising hamsters gained 1.8 g/day while sedentary hamsters gained only about 1.0 g/day. Thus, lhe acceleration of ponderal growth by exercise became obvious at the age and body size at which hamsters tirsl entered the asymptotic phase of growth. Following )he 70th day of life the retired exercised hamsters assumed the same asymptotic growth rate of about 0.3 g/day displayed by their sedentary controls. On the 88th day of lile the retired exercised hamsters were significantly heavier(130.8 + 3.2 vs 106.2 + 2.7 g, p<0.01) and significantly longer (17.7 + 0.1 vs 16.9 ~ 0.1 cm, p<0.01) than the sedentary hamsters but did not differ in the percenlage of body fal (19.3 + 0.9 vs 18.0 ~ 0.8%).
Growth Acceleration in E'xercisDzg llatnsters DurinA, thu Ear@ Asymptotic Growth
Weight changes of the second group of laboratory-reared hamsters between ages 26 and 110 days are presented in Fig. 4 . The inflexion from exponential to asymptotic growth rate of 0.2 g/day became apparent at the age of . One-hundred twenty-four adul t and 46 lab0ratory-reared hamsters were exposed to exercise (solid symbols) while 75 aduJl and 32 laboratory-reared hamsters remained sedentary ~open symbols).
Changes in Ponderal Growth Velocities of Sedentar~ und ~kercising tlamsters as a Function ,t Age
Changes in ponderal growth rates as a function oI age are presented as ponderal growth velocities of sedentary and exercising hamsters in Fig. 5 . In sedentary hamsters ponderal growth velocity rises re a maximum of abom 2.4 g/day at: the age of about 30 days declines to about 0.2 g/day between Days 30 and 90. and asymptotes between 0.2 and 0.1 g/kay after about 90 days. Exercise is seen to increase the growth velocities above sedentary levels only after hamsters have entered the declining limb of the growth velocity curve. At ages above 30 days exercise appears to counteract the negative correlation between the growth velocity and age. Growth velocity remained steady and elevated throughout the period of exposure to discs in hamsters exercising at the age of 42 76 days. Figure 6 presents the growth rates of 124 adult and 4I, laboratory-reared hamsters during their exposure to exercisers and of 75 adult and 32 laboratory-reared sedentary hamsters as a function of 5 g increments in their starting body weights. Two sets of growth rates were obtained from laborato.ry-reared hamsters, one for the 2 re 5-week age block and the other for the 5 to I O-week age block. Since sedentary animals with access to sunflower seeds were observed to sustain higher growth rates than hamsters with access to a diet of pellets alone, the data for the two dietary conditions are plotted separately in Fig. 6 . There is an inverse relationship between the rates of ponderal growth and the hamster body weight. The increasing body weight is associated with greater inhibition of ponderal growth rate in sedentary than in exercising hamsters. sedentary hamsters and y = -0.014 x +2.51 (SE EST= 0.21, r = -0.94) for exercising hamsters. The regressions have a common intercept at about 2.5 g/day which is close to the highest observed exponential growth rates in this study. Both the regressions and their slopes are significantly different (F values 33.06, p<0.0001 and 11.14, p<0.002, respectively for 1 and 34 degrees of freedom). Exercise attenuates the magnitude of the negative correlation of body weight over growth rate by reducing the slope of the regression line from 0.020 to 0.014.
Changes in Ponderal Growth Ratea a.s a Function at Body Weigh t
Prediction of Exercise-Induced Growth Rates from Growth Rates Observed in Sedentar3, Hamsters
The increase in hamster body weight is associated with a decline in ponderal growth. Disc exercise attenuates this relationship. If one were to relate the magnitude of exercise-induced growth to the rate of growth displayed by sedentary hamsters one could predict in weight-matched hamsters the extent to which exercise can be expected to accelerate growth. This type of relationship is presented in Fig. 7 , where the growth rates of 124 adult and 40 laboratory-reared exercising hamsters are plotted as a function of growth rates displayed by the same number of weight-matched sedentary hamters. Double set of growth data were used for laboratory-reared hamsters, one for the 2 to 5-week period and the other for the 5 to 10-week period adding to a total of 204 exercising and 204 sedentary growth rates. The linear regression describing the growth rates in exercising hamsters as a function of growth rates in sedentary hamsters y = 0.53 × + 0.99 (SE EST = 0.27, r = 0.90) intersects the equivalence line at about 2.1 g/day. At sedentary growth rates of about 2.1 g/day exercise has no effect over ponderal growth in hamsters. As sedentary growth rates decline to zero, voluntary exercise exerts a progressively greater growth-accelerating effect. When ponderal growth rate reaches zero disc exercise induces the greatest relative acceleration in ponderal growth rate of about 0.99 g/day.
DISCUSSION
In the present study we have defined the portion of hamster ontogeny during which animals engage in vohmtary activity on horizontal discs and the circumstances which are necessary for this type of exercise to accelerate ponderal and linear growth. Hamsters first start running on discs around Day 15, shortly after their eyes open. Daily activity levels undergo a rapid increase at the age 20 to 35 days to reach values of about 30,000 RPD. At body weights above 65 g activity levels decline by about 2,000 RPD for each 10g increase in body weight. In both the age of onsel of activity and the age of acceleration of activity levels hamsters are considerably more precocious than the rals. Rats first initiate voluntary activity in rotating drums at age 40 to 70 days and accelerate their activity levels after ])ay 70 of life [18] . Voluntary disc activity in hamsters is characterized by an early onset, by very high daily rates of running, and by a progressive decline in activity levels as a function of increasing body weight.
We have found that the portion of hamster ontogeny associated with exercise-induced growth is much shorter than the portion of hamster life span supporting vohmt,try disc activity. Disc activity first leads to ponderal and linear growth in excess of that displayed by sedentary hamsters al the age and body weight signalling the onset of asymptotic growth. An inflexion point from exponential growth rates in excess of 2 g/day to asymptotic growth rates of less than 1 g/day takes place at the age of 30 40 days and body weight of about 65 g. An additional decline in growth ralc to about 0.3 g/day takes place at the age of about 70 days and body weight of about 100g. If exercise is initiated at an early time during the exponential phase of growth ilig. 3), the exercise-induced acceleration of growth is delayed until the time of onset of asymptotic growth in sedenlar.v hamsters. If the onset of disc exercise and the onset ot asymptotic growth coincide, the acceleration of pondcral and linear growth takes place without a long delay. In adull hamsters in whom exercise is initiated several wceks following the onset of asymptotic growth, disc excrcisc leads to prompt acceleration of linear and ponderal groxvth [21. It appears, therefore, that disc exercise does nol superimpose an abnormal acceleration of growth over the preexisting endogenous growth rates. Instead, disc excrcise appears to reinstate some of the growth velocity which had undergone a spontaneous decline with increasing age and body size. In effect, disc exercise becomes relatively morc effective in accelerating growth rates above sedentary level as the endogenous growth rates approximate zero velocity (Figs. 7 and 5) .
What is the explanation for the negative relationship between hamster growth rates and increases in body sizc (Fig. 6) ? In part, this inverse relationship reflects a progressive loss of nmltiplicative capacity within thc growing and differentiating organism. The slopes of lincar regressions of the growth rate over weight were negative lor exercising as well as sedentary hamsters (Fig. 6) . Thus. as hamsters grew larger they inevitably grew less rapidly, and disc exercise induced progressively lower absolute rates of growth. On the other hand, the fact that exercise was effective at all in inducing higher growth rates in hamsters points to the operation of some inhibitory influence over growth as hamsters grow larger in size. This negative relationship between the growth rates and some concomitant of increasing body size may be viewed as thc outcome of some type of cumulative negative feedback. Whatever the nature of this inhibitory influence, it is apparently rendered less effective throughout the exposure to disc exercise and for a period of time following the termination of exercise (Figs. 5 and 6 ). Not only are the growth rates elevated throughout disc exercise, but the progressive decline of growth velocity with time appears to be counteracted (Fig. 5) .
If the time of onset of endogenous growth suppression determines the time of onset of exercise-induced growth in early hamster ontogeny, why does disc exercise fail ~o accelerate growth at body weights above 180 g? A plausible hypothesis is that exercise-induced growth takes place only when activity levels exceed a certain threshold level. At body weight of 180g, when disc exercise first fails to accelerate growth (Fig. 6) hamsters generate only about 15,000 RPD (Fig. 2) . Early in ontogeny, the same levels of activity are attained at age of 28 days and precede by several days the first appearance of exercise-induced growth. Thus, the portion of ontogeny during which disc exercise accelerates growth is distinguished by voluntary activity levels in excess of 15,000 RPD. It is possible that the changes necessary for attenuation of inhibitory influence of body weight over growth are produced only when hamsters generate over 15,000 RPD.
How does the exercise-induced alteration in hamster body size relate to the current nolo'ms on the mainlc:laz;,t of weight constancy in adult rodents? Disc exercise ICz,is :,, permanent increases in hamster body weight. These weigh: increments represent true ponderal ,rod linear growth iath< r than the accumulation of excess t~ody fa~ {[2,2~I. ~ml ,!upresent study}. After they reestabli,;h the' asymp~oti, :ar,. of growth the retired hamsters engagt m the normal ,ick.n~,. of their elevated weight setpomt !3i The ~oncc!,I ~,, long-term regulation of body weigh! should be broadened to include the mechanism for maintenance ot ci!lIs[a!l! body size through suppression ~>t ponderal a~,d !meat growth in addition to the more commonly dis~:usscd mechanism for the regulation ot body fat reserves [ "i. lhu anatomical substrates for the gtowth-suppressing and l,,r the fat-regulating mechanisms appca~ i~ interdigita~c, ,in,, semicircular t12, 13, 17] and parasagittal 16l kniJct:ul:, anterolateral to medial basal hypolhaIamus lead ,, simultaneous interference with both size-regulator3 aml !Jl regulatory functions. It would seem ~easonable to poslul-t:c that, in animals capable of contimied growtt~, a gr,~wrh-suppressive mechanism would by integrated with :J :~I regulating mechanism to insure tl~e observed lo~g-lc~m regulation of body weight and size in adult rodent-. "l h,. capacity of disc exercise to selectively increa~se l:amqcr body size may provide a valuable loot for further sltld', q,{ mechanisms of weight and size cons{a~.cy in adult l~sdcnl,,
